Rapid eye movement (REM) sleep is expressed at its highest levels during early life when the brain is rapidly developing. This suggests that REM sleep may play important roles in brain maturation and developmental plasticity. We investigated this possibility by examining the role of REM sleep in the regulation of plasticity-related proteins known to govern synaptic plasticity in vitro and in vivo. We combined immunohistochemistry with a classic model of experience-dependent plasticity in the developing brain known to be consolidated during sleep. We found that after the developing visual cortex is triggered to remodel, it is reactivated during REM sleep (as measured by FOS+ and ARC+ cells). This is accompanied by expression of several proteins implicated in synaptic long-term potentiation (PSD95 and phosphorylated (p), mTOR, cofilin, and CREB) across the different cortical layers. These changes did not occur in animals deprived of REM sleep, but were preserved in control animals that were instead awakened in non-(N) REM sleep. Collectively, these findings support a role for REM sleep in developmental brain plasticity.
Introduction
The function of sleep is an important and unresolved question in biology [1] . Sleep appears to play an important role in memory consolidation in adult animals [2] and happens at very high levels during early life when the brain is highly plastic [3] . This suggests that a core function of sleep is to promote brain plasticity and that this may be especially important in early life. One way to examine this possibility is to probe the role of sleep in classic, well-characterized developmental models of experiencedependent plasticity. Ocular dominance plasticity (ODP) is a canonical and physiological form of experience-dependent plasticity in vivo triggered by short periods of monocular deprivation (MD) during a critical period of development. ODP depends on competitive interactions between inputs from the two eyes and involves cellular mechanisms important in Hebbian and non-Hebbian synaptic plasticity in vitro [4] [5] [6] .
ODP is consolidated by sleep [7] in a manner similar to what is reported for hippocampal-based memory [8] . The underlying mechanisms include changes in both nondeprived and deprived eye circuits and the synthesis of several plasticity-related proteins [9] [10] [11] [12] . Much less is known concerning the roles of different stages of sleep in ODP. Rapid eye movement (REM) sleep has long been considered an important brain state for neurodevelopment [13] . Studies of the visual cortex in vitro and in subcortical visual structures in vivo strongly suggest that REM sleep provides endogenous stimulation necessary for normal circuit maturation (reviewed in Refs. 3 and 14) . More recently, it has been shown that REM sleep deprivation (RSD) reduces ODP consolidation and inhibits the protein kinase ERK, which is necessary for ODP and synaptic long-term potentiation (LTP) [10, 11, 15] . These findings suggest that REM sleep may more generally promote the expression of plasticity-related proteins in the developing cortex.
To more precisely determine the role of REM sleep in ODP, we used immunohistochemistry to localize and measure the expression of several plasticity-related proteins in the developing cat visual cortex. We used FOS to mark neurons that were selectively active during post-MD REM sleep relative to wakefulness or non-(N) REM sleep. We find that many neurons in extragranular cortical layers become active in post-MD REM sleep. This is also accompanied by a more diffuse expression of plasticity-related proteins that spans most cortical layers. This supports an important role for REM sleep in promoting synaptic plasticity.
Materials and Methods
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania and performed in accordance with U.S. Department of Agriculture regulations. Male and female kittens were obtained from our onsite breeding colony and housed with their queens on a 12:12 hr light/dark cycle before experimentation. Animals from the same litter were distributed across groups to control for interlitter variability. Individual animals were randomly assigned to the experimental groups.
Surgical procedures for polysomnography
Cats within the critical period [postnatal days (P) 22 to P30] were anesthetized and prepared for surgery as described previously [7] . Briefly, six EEG and three nuchal EMG electrodes were implanted and affixed to the skull using bone screws and dental acrylic. The electrodes were soldered to a nanoconnector. Two EEG leads were placed at the anterior and posterior borders of V1 in each hemisphere. We have previously shown that this does not alter cortical concentrations of protein kinases [9, 12] . The remaining EEG screws were placed in frontoparietal regions. After at least 4 days of postoperative recovery and antibiotics and pain management (4 days postoperative injection of enrofloxacin and 2 days postoperative injection of buprenorphine), an equal number of male and female animals were randomly assigned to the experiments described below.
Polysomnography
Cats were singly housed in a recording chamber. The floor of the chamber consisted of a motorized platform that could be activated to awaken the animal. The implanted nanoconnector was attached to a counter-balanced, electrical cable tether/ commutator, which routed EEG and EMG signals to an amplifier system (Astro-med, Grass Technologies). Signals were high pass-filtered at 0.1 Hz (EEG) or 10 Hz (EMG), low pass-filtered at 100 Hz, digitized at 200Hz, and recorded using commercial sleeprecording software (VitalRecorder; Kissei Comtec America, Inc.). Electrophysiological signals used to determine wake and sleep states were collected and analyzed as previously described [7, 12] . Fourier-transformed frontal/parietal EEGs were used to assign the states of REM sleep, NREM sleep, and wake in 8 s epochs using standard polysomnographic techniques (see Figure 1B for an example of EEG and EMG recording in each vigilance state). Sleep architecture and EEG activity were compared across groups in the baseline, MD, and post-MD sleep period. These measurements of sleep and wakefulness were made to verify that all animals had similar sleep/wake histories prior to any manipulation of vision, that all animals were equally alert during the MD, and to quantify changes in sleep architecture and sleep EEGs elicited by a given manipulation (as described previously [7] ).
MD and sleep manipulations
At the end of a baseline recording period lasting at least 6 hr, animals were briefly anesthetized with isoflurane and the right eyelid was sutured shut. From induction to recovery from anesthesia, this process took no longer than 15 min. After recovery from anesthesia, animals were kept awake for 6 hr under normal illumination ensuring that all cats received 6 hr of monocular vision to induce cortical remodeling (as described previously [7] ).
One group of cats was immediately sacrificed after the 6 hr MD period (MD only, n = 4). The other cats were maintained in complete darkness for 1 hr. This dark period ensured that visual experience was held constant in all groups after the MD period [7] . During the post-MD period, the animals underwent one of the following manipulations: undisturbed sleep ("Sleep," n = 5), RSD (n = 4), or NREM awakening/fragmentation controls (NF, n = 4) ( Figure 1A ), as described previously [11] . During RSD, the EEG and EMG signals were monitored by an experimenter trained in cat polysomnography (L.R. and M.C.D.B.). Each time an animal attempted to enter REM sleep based on polysomnographic signals, the animal was awoken by activation of the motorized floor of the chamber. During NF, the animals were awoken the same number of times as the RSD animals but only during NREM sleep. The timing of these awakenings was matched to the timing of awakenings in the RSD group as closely as possible. At the end of these procedures, the animals were immediately anesthetized with isoflurane followed by intracardiac injection of a lethal dose of pentobarbital (Euthasol). Heart and respiration rate were monitored during the procedure and the animals were perfused after cardiac and respiratory arrest.
Immunohistochemistry
The proteins we measured are shown in Table 1 . These proteins represent immediate early gene (IEG) products, postsynaptic proteins, transcription factors, and protein synthesis enzymes implicated in different forms of synaptic plasticity. Most antibodies are commercially available. A custom-made antibody optimized for detecting FOS in cats was provided by Dr. Lutgarde Arckens in the neuroplasticity and neuroproteomics laboratory of KU Leuven, Belgium.
Phosphatase inhibitors were added in the phosphate buffer at every step of this protocol (1mM Na 3 VO 4 and 50mM NaF, Sigma). Animals were perfused with 4 per cent paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were postfixed for 72 hr at 4°C and then stored for 3-5 days at 4°C in PB with 30 per cent sucrose. The brains were rapidly frozen in a solution of methyl butane at −50°C, sliced in 30 μm thick coronal sections and free-floating sections were collected and stored at −20°C in RNase-free cryoprotectant solution (0.05% DEPC, 20% glycerol, 30% ethylene glycol in 50 mM PB, pH 7.4). They were then incubated in one of the primary antibodies described in Table 1 in PBST-Azide for 3 days at 4°C. After three rinses in PBST, the slices were incubated for 90 min at room temperature in a PBST solution containing a biotinylated secondary antibody (anti-rabbit at 1:1,000 in PBST; Vector Labs). After three rinses in PBST, the slices were incubated in an ABC-HRP solution (1:1,000 in PBST; Elite kit, Vector Labs) for 90 min at room temperature. Finally, after three rinses in PBST, the sections were immersed in a 0.05 M Tris-HCl buffer (pH 7.6) containing 0.025% 3,3'-diaminobenzidine-4 HCl (DAB; Sigma), 0.003% H 2 O 2 , and 0.6% nickel ammonium sulfate to obtain a black reaction product. Sections were then mounted on glass slides, dried, and cover slipped.
Immunohistochemical image analyses
A cat primary visual cortex textbook was used as a reference for the anatomy [16] . Images were taken at a magnification of 20× using an automated microscope (Zeiss AxioImager M2) and Zen software (version 3.1). StereoInvestigator from MBF bioscience or ImageJ [17] was used for cell quantification and for optical density measurement. We determined the layer positions based on Nissl staining of the adjacent section (Supplementary Figure S1) . Two sections taken at the same level (anterior and posterior level of V1 equivalent to the Horsley-Clarke coordinates A4.0 and P3.0 in the adult cat, based on anatomical landmarks) of V1 of the left hemisphere were analyzed per animal for each protein. Pilot experiments showed that protein changes in other cortical areas (V2 and V3) were not different from V1 (data not shown); therefore, we limited our analyses to V1. The optical density of PmTOR and PSD95 was first normalized using the white matter reading of each analyzed section and then measured for each structure inside 10 squares of 100 pixels randomly distributed within the different layers, and manual correction was used to avoid any placement of the squares in nonspecific stained area of the tissue such as blood vessels and other artifacts due to the staining and mounting process. When required, the squares were always moved in a region near of the nonspecific staining. FOS+ and ARC+ cell number were manually quantified (with the investigator blinded to condition) using StereoInvestigator. We did not use stereologic quantification due to the nonhomogeneous distribution of those immunopositive cells across the lamina. An objective method was used for the quantification of the other proteins. Pcofilin+ and PCreb+ cell number were analyzed using the automatic quantification of ImageJ and corrected manually. Manual correction involved adding overlapping cells and removing artifacts from the quantification as described above. The same grey level and diameter threshold were chosen and used to quantify the immunopositive cells. These measures were compared across groups for each protein and were separately tested across cortical layers. The images presented in the figures were white balanced using the same Zen software settings. They were then adjusted for brightness and contrast using the curve adjustment function in Adobe Photoshop (CS2 version). For each stained protein, all representative images in a panel were adjusted together with the same settings.
Statistics
For immunohistochemistry, protein changes between groups were separately examined in each cortical layer using a KruskalWallis multiple means test followed by the Mann-Whitney post hoc test. The significance of the p value was Bonferroni corrected for multiples comparisons, with a p significant at <0.008333. As this resulted in a large number of comparisons, for clarity, we report only significant statistics in the text (p < 0.05 and p < 0.02). Nonsignificant results are reported as "ns" and all p values are reported in Supplementary Tables S1-S3 . Spearman tests were used to measure correlations between the expression of each protein within each cortical layer and the following variables during the post-MD period: (1) vigilance state amounts and bout duration and (2) EEG changes in sleep: NREM sleep, slowwave activity (SWA) bands 0.5-4 Hz and σ bands 12-15 Hz and β bands 15-20 Hz; REM sleep θ bands 5-9 Hz and β bands 15-20 Hz. Kruskal-Wallis and Mann-Whitney tests were also used to assess differences in sleep architecture and EEGs. All statistics were performed with Statistica (version 13.2).
Results

Sleep and wake architecture during the baseline, MD, and post-MD period
There were no significant differences in sleep and wake amounts and EEG energies during the baseline and MD periods ( Figure 1C and Supplementary Table S1 ) (Kruskal-Wallis: ns, baseline, all comparisons; MD, ns, all comparisons). Changes in EEG SWA during wakefulness are an indicator of alertness in kittens [7] . Using artifact-free V1 EEG recordings, we compared SWA (0.5-4 Hz) during waking MD (normalized to corresponding baseline wake SWA) across groups. No significant differences were observed in V1 SWA across groups (Kruskal-Wallis ns; Sleep, RSD, and NF groups; data not shown). During the post-MD period, REM sleep was significantly reduced in the RSD group, but preserved in the NF group relative to the sleep group ( Figure 1C) . REM sleep constituted 38.11 ± 4.82% in the sleep group, 4.58 ± 1.78% in the RSD group, and 30.55 ± 4.28% in the NF group (Kruskal-Wallis, H = 13.995, p = 0.0029). There was also a significant difference in the time spent in wake in RSD (25.3 ± 3.44%) compared with sleep (5.28 ± 2.64%) animals but wake amounts were not significantly different compared with NF (14.6 ± 7.12%) animals (Kruskal-Wallis: H = 13.104, p = 0.0044). There were slight differences in NREM sleep architecture in the RSD group compared with the sleep group, but these were largely replicated in the NF control group. NREM sleep amounts were slightly higher in RSD (67.63 ± 3.76%) compared with the sleep group (56.64 ± 2.9%). However, this did not reach significance when compared with the NF group (54.83 ± 5.99 %, MannWhitney, ns) (Kruskal-Wallis: H = 12.05, p = 0.0072). NREM bout duration was also significantly reduced in the RSD compared with the sleep group ( Figure 1D ), but similar changes occurred in the NF group (Kruskal-Wallis: H = 9.132, p = 0.0104). RSD produced a modest decrease in NREM EEG power in some frequency bands, but this was not significant and was also reproduced in the NF control group (Kruskal-Wallis, ns; data not shown). The number of awakenings used in the RSD and NF groups was also comparable (RSD: 21.75 ± 1.55 awakenings; NF: 20.75 ± 1.44; Mann-Whitney, ns). See Supplementary Table S1 for the complete report of statistics.
The effect of sleep on protein expression
IEGs
We found that MD during wakefulness and subsequent sleep produced different patterns of IEG protein expression in the visual cortex. Six hours of MD in an awake animal led to a sparse expression of FOS and ARC in extragranular layers suggestive of columnar expression (Figures 2A and 3A) . After 1 hr of sleep, a stronger, but more diffuse expression of FOS and ARC was observed in the extragranular layers (Figures 2, A and B and 3A) . Tables S2 and S3 for complete report of statistics).
PSD95 and PmTOR
In contrast to the IEGs, sleep led to a more diffuse expression of PSD95 and PmTOR protein in all cortical layers, relative to MD only ( Figure 4 , A and C). This was also REM sleep-dependent as this expression was greatly reduced in the RSD group, relative to the sleep and NF groups (Kruskal-Wallis results. Tables S2 and S3) .
Correlation analyses
The number of FOS+ cells was positively correlated with REM sleep amounts during the post-md period in layers II-III and VI (Spearman test p < 0.05, layers II-III R = 0.68, and layer VI R = 0.82, Figure 6 , A and B). The number of PCREB+ cells in layer 
Discussion
We used a canonical model of developmental plasticity in vivo [7, 16] to investigate the role of REM sleep in the cortical expression of several plasticity-related proteins. We find that during post-MD sleep, cortical activity in extragranular V1 layers significantly increases as measured by FOS+ and ARC+ cell quantification. This is accompanied by more diffuse increases in PSD95+, PmTOR+, Pcofilin+, and PCREB+ cell number (Table 2) . RSD prevented these increases in protein expression. This reflected the absence of REM sleep and not indirect effects of the RSD procedure on NREM sleep. In agreement with previous findings [11] , these results suggest that REM sleep plays an important role in developmental brain plasticity.
REM sleep and developmental brain plasticity
REM sleep has long been thought to play a critical role in brain development [13, 17] . Early studies in cats showed that long-term (days) RSD augmented the effects of MD in the lateral geniculate nucleus [18, 19] , effects that were mimicked by brainstem lesions that eliminated pontine-geniculate-occipital (PGO) waves [20] . However, a recent study found that RSD prevents the consolidation of ODP and the phosphorylation of ERK within the visual cortex [11] . This raises the possibility that PGO waves and cortical activity during REM sleep play different roles, with PGO waves carrying out a developmental program that facilitates binocular vision whereas cortical activity patterns consolidate experiential changes to binocularity. In previous studies, we found that REM sleep enhanced the effects of MD and that this involved an increase in REM sleep cortical activity and the activation of ERK [10, 11, 21] . We also showed that sleep more generally leads to an increase in protein synthesis (a process specifically required for sleep-dependent ODP) protein phosphorylation and the translation (but not the transcription of key) plasticity-related mRNAs (including IEGs) [9, 10, 12] . However, the techniques used in these studies were limited in their ability to expression is higher in the sleep and NF groups compared with the MD and RSD groups in all layers of V1. This change in PmTOR and PSD95 expression is REM sleep dependent because it does not occur in the RSD group, but is preserved in the NREM awakening control group (NF). Significance: Mann-Whitney: *p < 0.05, **p < 0.02 compared with MD only; #p < 0.05, ##p < 0.02 compared with RSD. measure changes within specific cortical layers and the precise role of REM sleep in the activation of plasticity-related pathways was uncertain. Here, we describe layer-specific changes in the expression of plasticity-related proteins following normal sleep and RSD. Our findings are unlikely caused by indirect effects of the RSD procedure. The manipulations of sleep we use are not associated with changes in stress hormones (at levels known to impact ODP [11, 22] ) and indirect effects of RSD are reproduced in a control group.
The expression patterns of IEG proteins suggest that cortical activation in REM sleep is principally within extragranular layers. Expression of FOS and ARC is generally post-synaptic and IEGs are expressed rapidly in response to neuronal activation [23] . Although IEG expression is not a proxy for all forms of neuronal activity, activity in these layers, but not in the principal input cortical layer (layer IV), is interesting because in the cat plasticity is first observed in extragranular layers [7, 24] . Similar REM sleep-mediated IEG expression has been reported anecdotally in adult rodent somatosensory cortex [25] . This suggests that ODP mediated by REM sleep may involve intracortical processes, rather than feed-forward thalamo-cortical inputs [24] driven by the nondeprived eye as during wake.
Increases in the expression of PmTOR, Pcofilin, PSD-95, and PCREB further suggest that REM sleep may promote synaptic strengthening in most cortical layers (Figure 7 ). mTOR is a rate-limiting step in protein synthesis in eukaryotic cells and is essential for certain forms of LTP [26] [27] [28] . Total sleep deprivation has also been shown to reduce mTOR and PmTOR concentrations in the hippocampus [29] , resulting in memory impairment. mTOR is specifically required for sleep-dependent consolidation of ODP [9] , a process that involves synaptic strengthening [9, 10, 12, 21] . Moreover, its inhibition reduces the expression of PSD95 and ARC [9] . Cofilin is an actin-binding protein that, depending on its activation state, can lead to synaptic weakening, or strengthening and stabilization. Inactivation of cofilin (via phosphorylation) leads to dendritic spine enlargement and LTP [30] . PSD95 is upregulated by LTP protocols that result in more persistent forms of LTP. It is a key component of the post-synaptic density apparatus in mature dendritic spines, which unlike filopodia and immature spines, persist for long periods of time and have high AMPA to NMDA receptor ratios. PCREB promotes persistent forms of LTP [23] , particularly those that are NMDAR dependent [31, 32] . Sleep-dependent ODP is also NMDAR dependent [12] and inhibition of post-synaptic cortical activity during sleep destabilizes the effects of MD [33] . Collectively, these protein changes support earlier suggestions that REM sleep promotes synaptic potentiation in the developing brain [11] .
Relationship with plasticity in the adult brain
This interpretation is consistent with many findings in adult animals. Several studies have shown that LTP can be readily induced This change in PCofilin and PCREB expression appears to be REM sleep dependent because it does not occur in the RSD group, but is preserved in the NREM awakening control group (NF). Significance: Mann-Whitney: *p < 0.05 compared with MD only; #p < 0.05 compared with RSD.
in REM sleep, but less consistently in NREM sleep (for discussion see Refs. 34 and 35) . Conversely, RSD in adult rodents inhibits hippocampal LTP in vivo and in vitro [36] [37] [38] [39] [40] , and these effects can be reversed when REM sleep is restored [36, 37] . This appears to involve changes in proteins and IEGs similar to what we report in V1. For example, through combinations of RSD, recovery from RSD and experimental means of increasing REM sleep, REM sleep has been shown to increase the expression of FOS, Bdnf, and ARC in hippocampus and limbic cortical areas [37, 41] . These molecules are also upregulated in developing V1 during post-MD sleep (Figures 2-5 and Ref. 9). Other plasticity-related molecules such as arc, zif268, and PCREB also appear to be upregulated during REM sleep in the adult rodent brain [25, [42] [43] [44] [45] [46] . Exposure to enriched environments leads to increased expression of zif268 mRNA (based on in situ hybridization) in various brain regions, including the cortex [44] . This likely involves REM sleep as this is only detected when rodents are sacrificed after a preceding REM sleep episode. Similarly, high-frequency electrical stimulation of the hippocampus in vivo leads to a REM-sleep dependent wave of zif268 expression that is eventually detectable in the cortex [45] . Although unnecessary for ODP [47] , zif268 has been implicated in the maintenance of some forms of LTP [48] . A conservative explanation of these protein changes is that they are part of a sleep-dependent mechanism that promotes synaptic strengthening and synaptogenesis. However, we cannot exclude the possibility that REM sleep may also promote synaptic weakening or pruning in some circuits [49, 50] . Protein synthesis is not only required for persistent forms of LTP, but also for certain types of synaptic long-term depression and synaptic downscaling [28, 51] . The IEG arc has pleiotropic roles in synaptic plasticity, but it has been linked with synaptic downscaling [52] . REM sleep can also prune or maintain different synapses in early life. Li et al. showed that in layer 5 apical dendrites, newly formed (immature) spines were eliminated at a higher rate in normally sleeping (P21) mice compared with RSD mice. However, existing (mature) spines were unaffected. Interestingly, the REM sleepdependent elimination of newly formed spines led to a subsequent round of new spine formation linked to motor learning [53] . Therefore, it is plausible that under some conditions, sleep (and perhaps REM sleep in particular) has bidirectional effects on synaptic plasticity as previously suggested [54] .
Concluding Remarks
Our findings provide new evidence that supports an important role for REM sleep in experience dependent plasticity during early life. This is in keeping with previous findings in the developing visual cortex [7, 11] , as well as other parts of the developing central nervous system [55] . Overall, protein changes in the remodeling, sleeping visual cortex suggest that REM sleep may promote the strengthening and maturation of excitatory synapses. Findings in adult animals further suggest that this function may be preserved throughout the lifespan.
